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Abstract 
We report stress birefringence measurements for small (up to 150 mm x 150 mm) samples such as Si slabs, wafers and small 
ingot segments.  Measured stress birefringence in an Si ingot segment exhibits an interesting four-fold symmetry that may be 
caused by the crystal growth process or subsequent squaring or grinding of the ingot.  Stress birefringence map for an axially cut 
and mechanically polished cross section of the seed end of a CZ-grown Si ingot shows striations that could be a visualization of 
the solid-liquid interface of silicon crystals.  Two instruments are used for measuring these small Si samples.  The first 
instrument is a near infrared (NIR) Exicor birefringence measurement system that employs photoelastic modulator (PEM) 
technology.  This is a point measurement instrument.  The second instrument is a camera-based NIR imaging polariscope that 
uses a fixed circular polarizer and a rotating analyzer.  Both instruments are designed primarily for Si material research at 
significantly lower cost than the previously reported system for measuring large, pseudo-square, PV Si ingots.  The two 
instruments described in this paper complement each other for different applications. 
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1. Introduction  
Last year we reported stress birefringence measurements for large, Czochralski (CZ)-grown, pseudo-square, 
photovoltaic (PV) solar Si ingots [1].  It is advantageous to measure large Si ingots in an early stage of solar panel 
production so that low quality segments can be identified before they are processed into wafers.  In addition, we 
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realize that there is a need in material research to measure small (up to 150 mm x 150 mm) samples such as Si slabs, 
wafers and small ingot segments.  An instrument designed for measuring lighter and smaller Si samples has a 
significantly lower cost.  In this paper, we describe two instruments for measuring small Si samples.  The first 
instrument is a near infrared (NIR) Exicor® birefringence measurement system [2,3] that employs photoelastic 
modulator (PEM) technology [4,5].  This is a point measurement instrument.  The stress birefringence map of a 
sample is obtained by scanning the sample point by point with computer-controlled XY stages.  The second 
instrument is a camera-based NIR imaging polariscope that uses a fixed circular polarizer and a rotating analyzer.   
2. Instrumentation 
2.1. NIR Exicor birefringence measurement system 
We first developed the Exicor birefringence measurement system in the late 1990s to meet the need in optical 
lithography industry for measuring extremely low levels of stress birefringence in high quality optical components.  
Since its introduction, different models of the Exicor system have been successfully applied to several industries as 
both a quality control tool and a research instrument, including measuring stress birefringence in photomask blanks, 
lens blanks and lenses used in lithographic step and scan systems [6-8], measuring angular dependence of linear 
retardation in compensation films used in liquid display devices (LCD) [9], and measuring residual stress 
birefringence in thin, large glass sheets for flat panel displays.  The NIR Exicor system is an extension of the same 
technology to measure stress birefringence in Si material used in the PV solar industry.    
 
Fig. 1. Photograph and block diagram of the NIR Exicor 150AT birefringence measurement system. 
Fig. 1 shows a photograph and the block diagram of the NIR Exicor birefringence measurement system, model 
150AT.  The polarization modulation module contains a laser at 1.55, a calcite polarizer and the first PEM (PEM-
100 II/FS42, fused silica, 42 KHz, Hinds Instruments).  The middle module contains computer-controlled X-Y 
stages (150 mm x 150 mm) on which a sample is mounted for measurement.  Below the sample, the detecting 
module contains the second PEM (PEM-100 II/FS47, fused silica, 47 KHz, Hinds Instruments), another calcite 
analyzer and a Ge avalanche photodiode (Ge-APD, Hinds Instruments) detector with a gain adjustment.  
2.2. Camera-based NIR birefringence imaging polariscope 
The other instrument described in this paper is a camera-based birefringence imaging polariscope.  We built this 
polariscope to enhance the spatial resolution of birefringence measurements.  A photograph of the laboratory 
prototype is shown in Fig. 2.  The light source of this instrument is an NIR diode laser at the wavelength of 1.55.  
The light beam of the laser is guided by an optical fiber into an integrating sphere.  The integrating sphere provides 
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an extremely uniform exiting light beam.  A circular polarizer is placed at the exit of the integrating sphere.  Thus 
the sample, which is placed right below the integrating sphere, is illuminated by a uniform and circularly polarized 
NIR light beam.  Four raw images at different analyzer orientations are collected by an InGaAs camera. This 
imaging polariscope currently has a field size of 25mm x 25 mm.  To enable the measurement of larger samples, we 
have integrated computer controlled XY stages into this imaging polariscope to move the sample. 
 
 
Fig. 2. A photograph of the laboratory prototype of a camera-based birefringence imaging polariscope. 
3. Results and discussions 
3.1. Small CZ-Si ingot segment (156 mm x 156 mm x 100 mm) 
One of the small samples that we have measured is a pseudo-square Si ingot segment in the size of 156 mm x 156 
mm x 100 mm.  This sample was processed from a 200 mm diameter CZ-grown ingot along the <100> direction.  
All surfaces of this ingot segment were polished for stress birefringence measurement.  This sample is too thick to be 
measured by the imaging polariscope that does not use telecentric lenses.  Using the NIR Exicor 150AT instrument, 
we have mapped the stress birefringence of this sample in three directions; the top view when the measuring light 
beam is parallel to the <100> direction and normal to the 156 mm x 156 mm surfaces, and the front and side views 
when the measuring light beam is parallel to the <010> and <001> directions and normal to the 156 mm x 100 mm 
surfaces.   
The measured stress (in MPa) of this sample in the top view is shown in Fig. 3, along with a photograph of the 
sample as mounted to the Exicor stress birefringence measurement system.  The maximum stress level observed in 
this Si ingot segment is not alarming (about 0.1 MPa) although it would be interesting to understand the effects on 
subsequent processing steps and ultimately the ramifications in terms of as-cut wafer mechanical properties.  A four-
fold symmetry of the stress pattern can be observed from the top view, which would be expected because of the 
diamond cubic crystal structure of Silicon.  We also suspect that the squaring and/or grinding of the ingot might 
contribute to the measured stress profile.  We are currently investigating whether the squaring or grinding of Si ingot 
is contributing to the observed stress distribution, and if so, how much.   
The measured stress (in MPa) maps of the same sample using the Exicor instrument in the front and side views 
are shown in Fig. 4.  The side views tell a somewhat different story at the center of the ingot.  These views indicate 
that the residual stress slightly increases at the center of the ingot, which is most likely related to the growth process.  
Perhaps, this could be associated with the presence of oxygen-induced stacking fault rings. This is currently the 
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object of further investigation. Furthermore, the side views not only confirm the residual stress pattern observed 
from the top view but provide further details.  The side views show that the residual stress at the corners are highly 
localized to the surfaces (about 20 mm deep at most in all directions) and seem to have created a residual stress 
“channel” towards the pattern at the center.  Our further investigations will, hopefully, reveal more details of the true 
nature of stress distribution in Si ingot segments. 
  
Fig. 3. Residual stress (MPa) measured with the NIR Exicor 150AT instrument; pseudo-square; top view. 


























Fig. 4. Residual stress (MPa) measured with the NIR Exicor 150AT instrument; pseudo-square; front and side views. 
 
3.2 Small single crystal Si slabs  
Another small sample that we have measured is a mono-Si slab in the size of 15 mm x 15 mm x 2 mm.  The beam 
size (nominal 2 mm) of the laser used in the NIR Exicor system limits the spatial resolution of measurements.  (Note 
that the beam size can be reduced by using either an aperture or proper optics.  We have done so in other Exicor 
applications [10].)  To examine a sample this small, the 2 mm spatial resolution is simply inadequate.  The camera-
based NIR imaging polariscope has a spatial resolution of 0.15 mm at the field size of 25 mm x 25 mm.  The stress 
birefringence map (linear retardation in nm) measured with the imaging polariscope is shown in Fig. 5a. 
The image captured with the camera-based polariscope provides fine structures of stress birefringence in the 
sample.  When the same sample was measured using the standard NIR Exicor 150AT system, all fine structures were 
averaged out by the 2 mm beam size of the instrument, as shown in Fig. 5b. 
To measure samples that are larger than 25 mm, we have integrated computer controlled XY stages into the 
imaging polariscope.  The instrument operates in a “step and image” mode to measure larger samples.  The stress 
birefringence of a Si slab in the size of approximately 150 mm x 160 mm x 10 mm was measured in the “step and 
image” mode.  As a comparison, the same sample was also mapped using the NIR Exicor 150AT.  Figs. 6a-6c 
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display a photograph of this sample and the measured stress birefringence (in “nm” for linear retardation) maps 
using both instruments. 
This Si slab is an axially cut and mechanically polished cross section of the seed end (tapered end) of a CZ-grown 
PV Si ingot.  The Si slab has uneven edges, particularly on the tapered end.  The uneven edges reduce light intensity 
reaching the detector to such a low level that accurate measurements cannot be made for data points around the 
edges.  The Exicor system has a software feature to filter out data points with extremely low light intensity.  We 
didn’t perform this filtering to the image data taken by the camera-based polariscope.  Therefore, artifacts around the 

































Fig. 5. Stress birefringence maps of a 15 mm square Si slab. (a). linear retardation in “nm” measured by the camera-based instrument; (b) linear 
retardation in “nm” and angle of fast axis measured by the Exicor instrument. 
a) 
b) 
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Compared to the dramatic differences in spatial resolutions as exhibited in Fig. 5a and Fig. 5b, Fig. 6b and Fig. 6c 
show rather similar stress birefringence patterns measured by the two instruments.  We infer that this Si slab (150 



























Fig. 6. (a). A photograph of the Si slab (150 mm x 160 mm x 10 mm); (b) stress birefringence (linear retardation in “nm”) map measured by NIR 
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The values of linear retardation, represented in false colors in Fig. 6b and Fig. 6c, reveal a w-shaped stress 
distribution in the transition zone from seed to shoulder.  The retardation images further unveil horizontally oriented 
striations.  In the crystal growth direction from top to bottom of Fig. 6b and Fig. 6c, the striation shapes change from 
slightly concave upwards to flat and finally to slightly concave downwards.  It is believed that these striations are a 
visualization of the solid-liquid interface of silicon crystals (known as doping striations). Hence the birefringence 
measurement method presented here could be used to study the solid-liquid interface in Si crystal growth as a 
simple, complementary technique to other techniques, such as lateral photovoltage scanning (LPS) or X-ray 
topography.  
3.3 Multi-crystalline (mc) Si wafers 
In principle, the two instruments described in this paper can be used to measure Si wafers.  However, the severe 
scattering that occurs at the surface of as-cut wafers not only inhibits light transmission, it also alters polarization of 
the measuring light, making it extremely difficult to take accurate measurements.  We have only measured several 
chemically etched multi-crystalline Si wafers.  Fig. 7a depicts the stress birefringence measured by the NIR Exicor 
150AT for a 156 mm x 156 mm x 0.2 mm, etched mc-Si wafer.  Fig. 7b displays the stress birefringence measured 
over an area of 25 mm x 25 mm on the same sample using the camera-based instrument.  Due to the dramatic 
difference in spatial resolution, we did not attempt to correlate the two measurements. 
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                      (150mm x 150mm)        
      
     (25mm x 25mm; legend in “nm”) 
Fig. 7. (a). Stress (MPa) and retardation (nm) in a multi-crystal Si wafer (150mm x 150mm x 0.2mm) measured by the Exicor instrument; (b). 
Retardation (nm) measured by the camera-based imaging instrument in an area of 25mm x 25mm. 
4. General comparison of the two instruments 
The NIR Exicor 150AT birefringence measurement system is a more sophisticated instrument.  It records three 
polarization modulated signals at three high frequencies (above 35 KHz) and the averaged intensity signal from the 
same detector.  It then calculates stress birefringence from the three ratios of modulated signals to the averaged 
signal.2,3  Consequently, variations in light intensity due to fluctuations in the light source and transmission change 
in the sample have little effect on the measured stress birefringence.  Therefore, the Exicor instrument affords a high 
measurement accuracy and an extremely high sensitivity of 0.01 nm in retardation.  The camera-based imaging 
polariscope records four raw images in about 20 seconds and then it calculates stress birefringence from the raw 
a) 
b) 
 Baoliang (Bob) Wang et al. /  Energy Procedia  55 ( 2014 )  608 – 617 617
images.  Hence it is more susceptable to intensity changes from the light source and transmission of the sample.  The 
camera-based imaging polariscope also provides limited measurement sensitivity of 0.3 nm in retardation.  On the 
other hand, the camera-based imaging polariscope offers a much better spatial resolution (0.15 mm) than the NIR 
Exicor instrument (2 mm in standard operation).When the thickness of a sample is considered, the Exicor system has 
the advantage.  The Exicor 150AT (a model designed for measuring small samples) can measure samples up to 250 
mm in thickness. The maximal thickness of a sample for an Exicor system is not limited by optical principles, thus it 
can be simply extended by modifying its mechanical structure.  The current imaging polariscope uses non-telecentric 
lenses so the thickness of the sample is limited to ≤ 1 cm.  Many Si samples are simply too thick to be measured with 
the current prototype imaging polariscope.   
When measurement time is considered, the imaging polariscope has the advantage.  As an example, Fig. 3a, 
which contains about 20,000 data points (a 140 mm x 140 mm scan area with 1 mm spacing), takes slightly below 27 
minutes to collect with the Exicor system in the fast scanning mode (so called “scan-in-motion”).  The imaging 
polariscope is faster (~20 seconds per 25 mm square, or 12 minutes for the entire 150 mm square) and it provides 
much finer spatial resolution.   
As a general comparison, each instrument has its advantages and disadvantages.  Both instruments described in 
this paper are useful for NIR material research.  The two instruments complement each other.  The choice of an 
instrument is dependent on the requirements of the specific application.           
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